The study of equilibrium liquid crystals has lead to deep insights into the nature of ordered materials, as well as great technological advances in displays and other electro-optical devices. In comparison, little is known about active liquid crystals, which are driven away from equilibrium by the autonomous motion of their constituent particles. By identifying and tracking large ensembles of topological defects in experimental and computational realizations of active nematics, we discover a phase in which transient motile defects spontaneously break rotational symmetry to achieve system-spanning orientational order. While defect-ordered phases exist in such equilibrium materials as blue phases in liquid crystals and flux-line lattices in superconductors, our results demonstrate that motile defects in nonequilibrium active systems can attain such order while exhibiting complex spatiotemporal dynamics.
emergent properties, such as liquid crystalline twist-grain-boundary phases and flux-line lattices in superconductors (3, 4) . Using experiments and computer simulations, we study the role of topological defects in active nematics, a new class of non-equilibrium condensed matter systems in which the constituent objects continuously consume energy that powers their autonomous motility (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Previous work has demonstrated that active nematics are unstable at large wavelengths, which leads to spontaneous defect nucleation and unbinding, producing a defectriddled phase (18) . In contrast to the well-studied passive defects found in equilibrium matter, defects in active nematics are motile, and are continuously generated and annihilated, producing a highly dynamical material that is inherently non-equilibrium (13, 17, (19) (20) (21) . The ensuing chaotic defect dynamics appears to destroy long-range order. However, by tracking thousands of defects over long times we demonstrate that defects self-organize into a higher-order phase with broken rotational symmetry. This preferential alignment of defects provides a mechanism by which non-equilibrium active nematics recover their long-range orientational order. This emergent ordering spans macroscopic systems and persists over many hours, despite a lifetime of only seconds for the constituent defects. Our work suggests that the organization of defects into higher-order non-equilibrium phases may be a generic feature of active nematics.
Our experimental system is comprised of micron-length microtubules (MTs), clusters of kinesin molecular motors (22) and the non-adsorbing polymer polyethylene glycol (PEG) (Fig.   1A) . In a bulk suspension, PEG leads to the formation of MT bundles by the depletion mechanism (23, 24) . In the presence of a flat oil-water interface, the same mechanism depletes MTs onto the interface. At high concentrations, filaments form an orientationally ordered nematic phase at the oil-water interface. Streptavidin clusters of biotin-labeled kinesin motors dynamically crosslink adjacent microtubules (22). As each motor hydrolyzes adenosine triphosphate (ATP), it moves towards the plus end of a MT (25) , inducing inter-filament sliding (26) . This generates internal extensile mechanical stresses, and drives the nematic film away from equilib-rium. An ATP regeneration system allows us to power active nematics for over 24 hours. We image the active nematic films with LC-Polscope (27) , which reveals the local orientation and concentration of the MT film by measuring the spatial map of the sample birefringence. Using a 4x objective, we map the director dynamics over the entire field of view, corresponding to an area of 2.3×1.7 mm.
In parallel, we have developed a tractable coarse-grained computational model of active nematics which captures the essential features and symmetries of the experimental system. The model employs Brownian dynamics simulations of rigid spherocylinders which, in equilibrium, form a nematic phase (28) . Long-ranged hydrodynamic interactions are omitted, producing an essentially dry system. The length of each constituent rod increases at a constant rate, producing an extensile stress similar to the motor-driven extension observed in MT bundles (Fig. 1D ).
Upon reaching a pre-set maximum length, a spherocylinder is split in half and two other rods are simultaneously merged, thus keeping the particle number fixed (29) .
In equilibrium, nematic defects anneal to minimize free energy, eventually producing a uniformly aligned state. It is not possible to prepare an analogous state in extensile active nematics, since uniform alignment is inherently unstable to bend deformations (18) . These grow in amplitude, producing a line fracture terminated by a pair of defects of topological charge ( Fig.   1C ) (6, 12, 20, 21) . Due to the asymmetry of a comet-like +1/2 defect, local stresses produce a net propulsive force, driving extension of the fracture line. Subsequent self-healing of the fracture line leaves behind a pair of isolated, oppositely charged defects. When a pair of oppositely charged defects collides, they annihilate, leaving behind a uniformly aligned nematic region (30) . Defects have very short lifetimes; on average a +1/2 defect travels at a speed of 8 µm/sec for only 40 sec before annihilating. The system reaches a steady state in which the rate of defect generation is balanced by the rate of annihilation (Fig. 1B, 1C , Movie S1, S2).
Very similar patterns of defect generation and annihilation are observed in the computer sim-ulations, despite the fact that the model does not include hydrodynamic interactions (Fig. 1E,   1F , Movie S4, S5). These dynamics are very different from those of active nematics on small closed surfaces, whose size suppresses the bend instability and defect proliferation (16) .
It has been commonly assumed that the complex dynamics of motile defects in active nematics leads to a chaotic state without long-range order. To test this assumption, we have developed algorithms that identify defect positions and orientations from either LC-Polscope images or simulation configurations, and track their temporal dynamics (29) . Defect positions are identified from the locations of discontinuities within the nematic director field, while their topological charges are determined by measuring the winding of the local director. We define the orientation of each comet-like +1/2 defect by drawing an arrow that points from the comet's head to its tail. We record defect dynamics over the entire lifetime of a MT sample or simulation. In contrast to previous work, these algorithms allow us to analyze statistically large defect populations, providing invaluable new insight into collective defect behaviors at macroscopic scales.
Remarkably, the distribution function of defect orientations is strongly anisotropic, revealing a higher order dynamical phase of orientationally ordered motile defects (Fig. 2E) . Although isolated +1/2 defects have polar symmetry, in the experimental system they form a nematic phase, with defects equally likely to point in either direction along the preferred axis (Fig. 2B) .
Next, we investigate how defect orientational order persists in time and space. Since we found that the axis of defect order does not change appreciably over the entire sample lifetime (hours, Fig. 3A ), we used a motorized x-y stage to repeatedly scan the entire sample every ten minutes.
In such samples we measure nearly uniform system-spanning orientation (Fig. 2C, D) . The largest active nematic sample analyzed contained ∼20,000 defects, demonstrating that order persists at scales larger than 100 average defect spacings. The defect orientational order is a result of spontaneously broken symmetry, and anchoring to the boundaries is weak. This is 4 illustrated by confining active nematics to a circular geometry in which they form a uniform domain rather that aligning parallel or perpendicular to the boundaries (Fig. S1) . Additionally, active nematics confined to rectangular channels did not strongly favor either the long or the short axis.
In simulations, we observe that +1/2 defects also attain system-spanning orientational order (Fig. 2H, J) . However, in contrast to the nematic defect ordering observed in experiments, in the computational system defects align with polar symmetry, which leads to the net transport of defects along the preferred direction. Possible reasons for this difference are discussed below.
Next, we demonstrate that it is possible to control the strength of the emergent defect order, even transforming the system to an essentially isotropic state. To quantify the degree of defect ordering, we use the 2D polar and nematic order parameters, P = cos(ψ −ψ) and
, where ψ is the orientation of a +1/2 defect andψ is the mean orientation of all defects in a given system configuration. In experiments, the magnitude of S can be tuned by controlling the MT concentration. Thin nematic films (low MT concentration, hence low retardance) have high defect nematic order, S; increasing the film thickness (high MT concentration, high retardance) dramatically decreases the magnitude of S to the point where defects become nearly isotropic (Fig. 3A) . A similar effect is observed in simulations when varying the particle density (area fraction); defects have relatively strong alignment, P , at the lowest densities studied, while with increasing density a transition to an isotropic state is observed (Fig.   3B ). In all experimental and computations systems with measurable defect ordering, defect correlations are system-spanning (Fig. 3C, D) .
We observe that MT films with highly ordered defects also exhibit strongly anisotropic distributions of MT orientations, and their preferred axis mirrors that of the defects (Fig. 2E,   F) . A similar effect is observed in simulations, except that the preferred axis of the particles is perpendicular to that of defect order (Fig. 2J, K) . The retention of rod ordering despite defect proliferation contrasts with equilibrium lyotropic systems, in which defects reduce nematic order. Moreover, order in the equilibrium systems increases with particle density, whereas order in active nematics decreases with density. These contrasts indicate that active nematic defect order is not a simple consequence of the aligning interaction of the constituent particles.
Though the density of material is a natural control parameter, it influences many material properties, including the rate of energy dissipation, elastic constants, and the efficiency with which active stresses are transmitted through the material. Additional studies are required to relate each of these parameters to defect alignment.
Given that the simulation model captures the microscopic symmetries and emergent defect dynamics of the experiments, it is notable that the two systems exhibit respectively polar and nematic defect order. This difference in emergent symmetries may arise due to the following distinctions between the two systems. First, analysis of the distributions of the bend and splay distortions suggests that the simulation model has a much higher bend modulus (29) . Second, the experimental system is subjected to hard-wall boundary conditions, which preclude global polar order of motile defects. Third, the simulation model is essentially dry, neglecting any hydrodynamic interactions.
In summary, our work demonstrates that transient, short-lived motile defects can form higher-order dynamical phases with persistent orientational order. The existence of such phases in the experimental and computational systems suggests that this is a generic feature of active nematics. simulations. At short ranges, defects tend to point in opposing directions, but beyond the first shell of neighbors, defects are likely to be aligned.
